Primary cilia are microtubule-rich hair-like extensions protruding from the surface of most post mitotic cells. They act as sensory organelles that help interpret various environmental cues.
INTRODUCTION
In multicellular organisms, different cell types display a characteristic morphology perfectly adapted to perform a specific function. In the nervous system, for example, neurons have distinct cellular compartments called axons and dendrites that are essential to send and receive signals respectively. This characteristic morphology is acquired during development by the establishment of an axis of polarity in the developing cell that provides spatial cues for the formation of subcellular compartments (1) .
One such compartment that has often been overlooked is the primary cilium. The primary cilium is a found on most postmitotic vertebrate cell types as hair-like protrusion that extends from the cell into the extracellular space. They are commonly referred to as the cellular antennae, enabling the cell to transmit and receive information with its environment. Primary cilia are believed to have evolved from cilia and flagella. Cilia, along with its ancestral cousin flagella, are ancient organelles that arose early on in evolution to provide motility to unicellular organisms. The motility function of cilia and flagella has been retained in some mammalian primary cilia. For example, motile cilia in the inner lining of the trachea participate in generating an extracellular fluid flow, and flagella in spermatozoa are essential for motility. With increasing complexity in higher vertebrates, however, some cilia became immotile to perform specialized sensory functions such as photo-, mechano-, and chemo-sensations (2, 3) .
The photoreceptor cells of the vertebrate retina have a specialized function for vision:
convert light signals into an electrical output, a process referred to as phototransduction. This electrical output is then processed by other retinal neurons and sent to the brain, where higher order cortical neurons interpret the visual cues. The molecular machinery necessary for phototransduction is housed in a highly specialized primary cilium dedicated to this process -the outer segment (OS). The OS is an extraordinary example of compartmentalization of specific machinery in order to optimize function. Not surprisingly, mutations that affect OS development and/or function can lead to severe photoreceptor degeneration that ultimately result in vision loss.
In recent years, the primary cilium in various cell types has received increasing attention due to its dysfunction in a wide variety of human diseases ranging from situs invertus and renal cysts, to sensorineural defects (4). Here, we will review the current knowledge on the molecular mechanisms that regulate cilium development, or ciliogenesis, with a particular emphasis on the photoreceptor OS and how defects in the development and function of this specialized cilium can lead to retinal degeneration.
STRUCTURE AND DEVELOPMENT OF THE PHOTORECEPTOR CILIUM
In the mammalian retina, photoreceptor cells develop from a pool of dividing multipotent retinal progenitor cells. Upon exit form the cell cycle, the postmitotic photoreceptor cell differentiate and develop a highly polarized morphology. The synaptic terminal is found on the basal side, whereas the OS, which houses the phototransduction machinery, is found on the apical side (Fig. 1A) . The OS is composed of disk membranes stacked on top of each other, which optimizes the total surface available to accommodate a maximum amount of the photopigment protein opsin, thereby providing extreme sensitivity to light (Fig. 1B) . All the proteins required for phototransduction are translated in the inner segment (IS), a different compartment of the photoreceptor cell that houses the translation machinery and other organelles (Fig. 1C) . To reach the OS, proteins translated in the IS must be trafficked through the connecting cilium, which links the IS to the OS and constitutes a sort of highway for proteins travelling to and from the OS. The CC of the photoreceptors has a stereotypical non-motile cilium structure. Like all other cilia it has a microtubule backbone, the axoneme, which forms the cytoskeleton core. It is anchored in the IS by the basal body (a modified centriole). The photoreceptor axoneme extends almost the entire length of the OS. It has a microtubule arrangement of 9+0, common to non-motile cilia, with 9 pairs of doublet microtubules arranged in a circular fashion. More distally from the basal bodies and into the OS, the axoneme takes the conformation of a 9+0 singlet microtubule arrangement. This singlet conformation extends through much of the OS (Fig. 1B) . The distal singlet microtubule conformation resembles primary cilium in the mammalian kidney and the C.elegans sensory cilia (5, 6).
The photoreceptor OS develops initially by growing the CC at the apical end of the cell. This is followed by addition of disk membranes to the distal end of the CC, forming the base of the OS. Disk membranes form by evagination of the plasma membrane at the apical end of the CC and pinch off to form the OS (Fig. 1C) . In vertebrate cone photoreceptors the disk membranes are continuous with the plasma membrane, whereas in rod photoreceptors, the disks are separate from the plasma membrane. The disk membranes themselves contain different domains with a flat lamellar region in the middle, which houses the visual pigment opsin, and spherical disk region at the edge of the disks that contains other phototransduction proteins and structural proteins (Fig. 1B) .
The process of disk membrane formation is maintained in the fully developed adult OS, 
PROTEIN TRANSPORT IN CILIOGENESIS
In all ciliated cells, primary cilia lack biosynthesis machinery. This means that the molecular components of the cilium are synthesized entirely in the cell and then transported into the cilium. This process, called intraflagellar transport (IFT), was first discovered in the unicellular organism Chlamydomonas (8, 9) . IFT involves the transport of cargo associated with large protein complexes (IFT particles) along the axoneme by motor proteins. IFT particles act as "delivery trucks", picking up the cargo (axonemal subunits and structural proteins) at the base of the cilium and transporting them to the site of cilium synthesis, as it grows. To date, 17 IFT particles have been identified (10) . They associate to form two multiprotein subcomplexes, IFT complex A and IFT complex B. The IFT particles also interact with motor proteins such as heterotrimeric kinesin 2 for anterograde transport towards the cilium, and dynein for retrograde transport towards the cell body. The IFT network is highly conserved among most species as well as within different cell types. In photoreceptors, cilium transport is complicated by the requirement of distinct trafficking machinery to target specific proteins to different domains of the OS. Once the CC is synthesized, OS proteins need to be sorted between the disk lamellar region, the disk rim region and the plasma membrane in the developing OS (Fig. 1B) .
Many IFT particles have been reported to localize at the CC in vertebrate photoreceptors.
Functional analysis of the IFT machinery comes from numerous knockout studies in mouse and zebrafish photoreceptors (5) . In mouse mutants of the IFT particle, IFT88, OS show aberrant stacking of disk membranes and accumulation of opsin in the inner segment, which eventually becomes toxic to the cell and leads to photoreceptor cell death (11) . In zebrafish mutants for IFT57, IFT88, and IFT172, photoreceptors are completely devoid of OS. Detailed analysis of OS development in these mutants revealed differences in the function of the three IFT particles. In the IFT57 mutant, for example, the OS develop normally, albeit shorter than in the wildtype, but eventually the photoreceptor starts accumulating opsin in the inner segment, leading to photoreceptor cell death (12) . These results suggest that although IFT57 is not required for initial ciliogenesis, it is necessary for OS growth and maintenance. In contrast, no CC forms in the IFT88 and IFT172 mutants at the early stages of photoreceptor development, but disorganized disk membranes accumulate at the apical side of the IS, suggesting that IFT88 and IFT172 are required for the initial growth of the CC, but are dispensable for OS disk membrane formation (10) .
C.elegans studies have greatly helped our understanding of the mechanism of IFT motors. In C.elegans, the IFT machinery has two motors for anterograde transport: kinesin-2 (as in Chlamydomonas) and OSM-3. Kinesin-2 and OSM-3 work in tandem to transport IFT particles and their cargo in the middle section of doublet microtubules, whereas OSM-3 transports IFT particles in the more distal segment, where the axoneme layout is a 9+0 circular arrangement of singlet microtubules (13, 14) . The vertebrate ortholog of the anterograde motor protein kinesin-2 has been detected in the CC of mouse photoreceptors by electron microscopy.
A photoreceptor-specific mouse mutant of a subunit of kinesin-2 (Kif3a) leads to accumulation of the phototransduction proteins opsin and arrestin in the cell body and IS of photoreceptors, which ultimately result in photoreceptor cell death (15, 16) . These results suggest an important role for Kif3a in protein transport to the OS. Importantly, biochemical analyses have shown association of IFT particles with all three subunits of heterotrimeric kinesin-2 motor protein in retinal extracts, suggesting a conserved mechanisms for protein transport in the cilium form C. elegans to mammals (17, 18) (Fig. 2) . The orthologue of OSM-3 in vertebrates, Kif17, has also been reported to localize at the CC in mouse and zebrafish photoreceptors (19) , and Kif17 knockdown in zebrafish disrupts OS formation (20) . These results suggest a role for this motor protein in the development of the photoreceptor OS, but it remains unclear whether Kif17 functions only in the distal segment of the cilium, as it does in C. elegans. Interestingly, primary cilium formation in kidney epithelial cells was not affected by Kif17 knockdown in zebrafish, suggesting a specific role in photoreceptor cilia. Together, these results provide an important conceptual advance suggesting that disrupted polarized trafficking of OS proteins to their specific cellular domain could generally lead to photoreceptor cell death, the common feature of retinal degenerative diseases. One potential mechanism for photoreceptor degeneration in such conditions is that the toxic byproducts of opsin cannot be cleared out easily from the cell body and IS trough the normal mechanism of phagocytosis by the pigmented epithelium (21) (Fig. 3) .
PHOTORECEPTOR CILIOPATHIES
The fundamental studies described above suggest that, in humans, mutations in genes encoding proteins involved in ciliogenesis or protein transport to the OS would lead to photoreceptor degeneration. Since primary cilia have a critical role in a wide variety of cell types, it is also expected that photoreceptor degeneration would sometimes be accompanied by other clinical manifestations. Here, we will discuss different photoreceptor degenerative diseases in which mutations have been found in genes that are implicated in ciliogenesis and/or protein transport to the cilium (Table 1) .
Retinitis Pigmentosa (RP) is a genetically heterogeneous group of disorders characterized by night blindness and progressive loss of peripheral vision due to rod photoreceptors undergoing cell death. Degeneration of rod photoreceptors is often followed by cone photoreceptor cell death, which eventually leads to loss of central vision. Although the majority of RP-causing mutations are found in genes that encode proteins of the phototransduction pathway (rhodopsin mutations, for example, account for up to 25% of autosomal-dominant RP cases [22, 23] ), many are found in genes that encode proteins involved in OS morphogenesis, ciliogenesis, and polarized protein transport to the cilium.
Mutations in the gene encoding the photoreceptor specific protein Retinitis Pigmentosa 1 (RP1), for example, have been associated with RP cases. In photoreceptor cells, the RP1 protein is localized along the axoneme and is especially concentrated at the site of OS disk membrane formation. Studies of RP1 mouse mutants revealed abnormal stacking and orientation of disk membranes, suggesting a role for RP1 in OS organization (22, 24) . Interestingly, RP1 mouse mutants also show mislocalization of rhodopsin in the IS and cell body which, as we discussed above, is thought to result in photoreceptor degeneration. Although the precise role of RP1 in photoreceptors remain poorly understood, a recent study reported that RP1 binds to microtubules, suggesting that it might function by stabilizing the microtubules in the axoneme to regulate axonemal length and stability (25) . Mutations in the RDS gene, which encodes the glycoprotein rds/peripherin (26, 27) , have also been associated to RP (reviewed in (28, 29) ).
Rds/peripherin is localized to the rim of photoreceptor OS disk membranes, where it is thought to promote the normal flattening of the disk membranes (30) . In rds/peripherin mutants, OS disk morphogenesis is disrupted, which lead to accumulation of rhodopsin in the IS and cell body and progressive photoreceptor cell death (31) (32) (33) . The studies of both RP-1 and rds/peripherin demonstrate the importance of normal OS morphogenesis in photoreceptor cell survival, and raise the possibility that many unknown forms of RP might be associated to mutations in genes encoding proteins involved in OS morphogenesis.
Although the proteins discussed above appear to have only photoreceptor-specific roles, mutations in genes that encode proteins globally involved in ciliogenesis in various cell types can also lead to photoreceptor degeneration. In fact, retinal degeneration in the form of RP is a clinical phenotype of a number of human ciliopathies (Table 1) . Ciliopathies is an emerging class of human disorders that are caused by dysfunction of the primary cilium. They can either involve single organ disorders or occur as multisystemic disorders with phenotypically variable and overlapping disease manifestations. The pleiotrophic nature of ciliopathies suggests that they are caused by disruption of global ciliogenesis and/or transport mechanisms. For example, Retinitis Pigmentosa GTPase Regulator (RPGR) localizes in the photoreceptor CC and is believed to function in protein transport in the cilium and disk morphogenesis (34) . It was shown to interact with IFT88 and different microtubule proteins (35) , and mutations in RPGR account for approximately 20% of RP cases (22) . RPGR, however, is not specific to photoreceptors and some mutations in RPGR also lead to systemic manifestations. Indeed, mutations in RPGR have been associated with primary cilia dyskinesia (PCD), a disorder characterized by primary cilia dysfunction in cells of the respiratory and reproductive systems (36) . Another major syndromic form of RP is Bardet-Biedl Syndrome (BBS). BBS is a multisystem disorder, which includes obesity, cognitive impairment, genito-urinary tract malformations, renal anomalies, polydactyl, and retinal degeneration in 90% of the cases. Protein trafficking defects within the cell body and cilia are thought to cause BBS (44) . So far mutations in twelve different genes (BBS1-12) have been associated with BBS (45) . The BBS proteins have been localized to the base of the CC in photoreceptors, close to the basal body where they form a multimeric complex together with Rabin8, a GTP exchange factor for Rab8, which somehow regulates the docking and fusion of vesicles to promote ciliogenesis (46, 47) . Interestingly, inactivation of Rab8 in photoreceptor cells also leads to accumulation of opsin in the IS and photoreceptor degeneration (21) . As the BBS complex appears to interact with a GTP exchange factor for Rab8, these results provide a potential mechanism for the retinal degeneration observed in most BBS cases
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CONCLUSIONS
Although the photoreceptor OS is highly specialized to perform a specific function, it shares common molecular mechanisms that regulate its development and function with other primary cilia. This is reflected, for example, in mutations that cause syndromic forms of RP (Table 1) . In fact, 20-30 % of RP patients also display cases of non-ocular disease manifestations, which fall under 30 different syndromes (48) . The wide range of disease manifestations in ciliopathies is not surprising considering the diverse roles played by primary cilia. In photoreceptors, dysfunction of proteins involved in ciliogenesis and/or protein transport all lead to accumulation of opsin, and possibly other OS-specific proteins, in the IS and cell body. Importantly, this abnormal protein localization appears to cause photoreceptor cell death in most, if not all, cases studied so far (Fig 3) . These observations highlight the importance of a better understanding of the mechanisms regulating ciliogenesis and protein trafficking in photoreceptors. Proteomic analysis of the OS and the CC recently revealed a plethora of proteins localized to these cellular compartments (49) . These studies provide new candidate proteins that might have a role in ciliogenesis and protein transport in photoreceptors. Future work into the function of these proteins in the development of the OS should shed light on the mechanisms of retinal degenerative diseases, and various other ciliary dysfunctions. 
